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Metal oxide semiconductors, for example, SnO~2~, have attracted a great deal of attention in the context of gas‐sensing applications because of their high sensitivity and simple fabrication.[1](#anie201908871-bib-0001){ref-type="ref"}, [2](#anie201908871-bib-0002){ref-type="ref"}, [3](#anie201908871-bib-0003){ref-type="ref"} Their basic principle of operation is the monitoring of changes in the electrical conductivity, which are induced by the adsorption of target molecules on the semiconductor\'s surface. For a detailed understanding of their functioning, necessary in the rational design of better gas sensors, the identification of the gas‐sensing mechanism is crucial, but monitoring the gas‐induced surface processes and their relation to the sensors' conductivity changes remains a tremendous challenge.[4](#anie201908871-bib-0004){ref-type="ref"}, [5](#anie201908871-bib-0005){ref-type="ref"}, [6](#anie201908871-bib-0006){ref-type="ref"} To facilitate the knowledge‐based design of gas sensors, operando approaches have been developed based on IR, Raman, UV/Vis, and X‐ray absorption spectroscopy,[6](#anie201908871-bib-0006){ref-type="ref"}, [7](#anie201908871-bib-0007){ref-type="ref"}, [8](#anie201908871-bib-0008){ref-type="ref"}, [9](#anie201908871-bib-0009){ref-type="ref"}, [10](#anie201908871-bib-0010){ref-type="ref"}, [11](#anie201908871-bib-0011){ref-type="ref"}, [12](#anie201908871-bib-0012){ref-type="ref"} enabling the sensor response to be related to its structural changes directly under working conditions. In these studies the influence of oxygen vacancies and hydroxy groups on the SnO~2~ gas‐sensing behavior has been proposed, but no direct correlation between structure and activity was established.[7](#anie201908871-bib-0007){ref-type="ref"}, [11](#anie201908871-bib-0011){ref-type="ref"} Previous operando work has also revealed that owing to the complexity of metal oxide gas sensors a combination of techniques is highly desirable to unravel their mode of operation. In this contribution, we present a new operando spectroscopic approach combining resistance measurements with three spectroscopic techniques (UV/Vis, Raman, Fourier transform infrared (FTIR)) in one experimental setup for the first time, as illustrated in the inset of Figure [1](#anie201908871-fig-0001){ref-type="fig"}. In this multiple spectroscopic experiment, UV/Vis spectra are used to monitor the number of oxygen vacancies in SnO~2~, Raman spectra reveal the presence of adsorbates and hydroxy groups, and simultaneously recorded FTIR spectra capture the gas‐phase composition during ethanol (EtOH) gas sensing. By systematically varying the gas atmosphere and temperature, we can relate the SnO~2~ sensor response to the multiple spectroscopic changes, enabling us to obtain new fundamental insight into the functioning of metal‐oxide semiconductor gas sensors.

![Operando spectra of the SnO~2~ gas sensor. a) UV/Vis spectra at 325 °C showing the reflectance as a function of gas composition as indicated. The feature at 487 nm is an artifact of the spectrometer. The legend displays the order of the experiments from top to bottom. The inset shows a scheme of the multiple operando spectroscopic setup. b) Raman spectra at 514.5 nm excitation for various temperatures and gas compositions as indicated. Spectra are offset for clarity.](ANIE-58-15057-g001){#anie201908871-fig-0001}

Figure [1](#anie201908871-fig-0001){ref-type="fig"} a depicts typical reflectance spectra of the SnO~2~ gas sensor at 325 °C in various gas environments. For details of the preparation and characterization of the SnO~2~ gas sensor, and UV/Vis spectra at higher wavelengths (Figure S1) please refer to the Supporting Information. As has been shown previously, a decrease in reflectance in the visible range of SnO~2~ is caused by increased sample absorption originating from the presence of oxygen vacancies, i.e., SnO~2~ reduction~.~ [13](#anie201908871-bib-0013){ref-type="ref"} In fact, Figure [1](#anie201908871-fig-0001){ref-type="fig"} shows that starting from the oxidized gas sensor (air), exposure to increasingly reducing gas environments (air→N~2~→EtOH/air→EtOH/N~2~) results in a systematic decrease in the reflectance as a result of increasing absorption in the visible, as indicated for example by the behavior at 525 nm (see dashed line). Note that the legend displays the order of the experiments from top to bottom. Upon switching to pure nitrogen flow after EtOH/N~2~ exposure, the reflectance increases again (see green spectrum), but not to the original level (see red spectrum) due to limited oxygen availability as discussed below. Summarizing, the reflectance in the visible can be considered as a sensitive indicator of the level of reduction of the SnO~2~ gas sensor.[9](#anie201908871-bib-0009){ref-type="ref"}, [14](#anie201908871-bib-0014){ref-type="ref"}

Figure [1](#anie201908871-fig-0001){ref-type="fig"} b depicts visible Raman spectra of the SnO~2~ gas sensor for different gas compositions at 190 °C (bottom spectra) and 325 °C (top spectra). For the corresponding low‐frequency spectra please refer to Figure S2. Please note that the spectra are offset for clarity. Starting at the bottom, the spectrum of SnO~2~ in nitrogen at 190 °C is characterized by Raman features at 3631 and 3660 cm^−1^, originating from terminal hydroxy groups.[14](#anie201908871-bib-0014){ref-type="ref"} Detailed analysis reveals additional weak features at around 3550 cm^−1^ and 3720 cm^−1^, which, based on previous work, may be attributed to bridging and terminal hydroxy groups, respectively.[14](#anie201908871-bib-0014){ref-type="ref"} Upon exposure of the sample to EtOH, a new Raman band appears at 2937 cm^−1^, whereas the hydroxy‐related features are no longer observed. A similar behavior has previously been reported for In~2~O~3~ gas sensors,[6](#anie201908871-bib-0006){ref-type="ref"}, [15](#anie201908871-bib-0015){ref-type="ref"} and has been rationalized by the formation of acetate species (v~C‐H~) as a result of the reaction of (adsorbed) ethanol with surface hydroxy groups. Exposure to air results in a strong intensity decrease of the 2937 cm^−1^ band, which now appears as part of a broad feature centered around 2950 cm^−1^. More detailed analysis reveals that this feature may be described by two contributions located at 2937 and 2966 cm^−1^. In addition, a new Raman band appears at 2887 cm^−1^, which in combination with the band at 2966 cm^−1^ is typical for the presence of formate (v~C‐H~),[15](#anie201908871-bib-0015){ref-type="ref"} thus indicating the partial decomposition of acetate into formate. Minor hydroxy‐related features are observed at 3631 and 3660 cm^−1^. Subsequent exposure to EtOH/air results in the disappearance of all Raman features except the acetate band at 2937 cm^−1^, thus resembling the spectrum in EtOH/N~2~.

Turning to the 325 °C spectra, the adsorbate (v~C‐H~) features are generally weaker because the surface processes are faster than at 190 °C. While the spectrum of SnO~2~ in air is characterized by terminal hydroxy features at 3631 and 3660 cm^−1^, upon exposure to EtOH, additionally, a small acetate band at 2940 cm^−1^ is observed. The absence of oxygen has a dramatic effect on the Raman spectra recorded in the presence of EtOH. Broad bands at 850--1650 cm^−1^ arising from carbon species are observed (see Figure S2), which originate from adsorbate decomposition. As a consequence of the presence of such a carbon overlayer, hydroxy‐ and/or adsorbate‐related (v~C‐H~) Raman bands are no longer observable. In summary, the operando Raman spectra provide information on the presence of adsorbates and hydroxy groups during EtOH gas sensing that is characteristic for the respective temperature and gas composition.

Figure [2](#anie201908871-fig-0002){ref-type="fig"} depicts results of the simultaneous measurement of the sensor resistance, the reflectance (at 525 nm), Raman band intensities, and FTIR spectra of the gas‐phase products. As will be discussed in detail in the following, this data set can be used to reveal correlations of the sensor resistance with the spectroscopic features. The assignment of the IR gas‐phase bands is summarized in Table [1](#anie201908871-tbl-0001){ref-type="table"}.

![Temporal correlation of spectroscopic data and sensor resistance of the combined operando UV/Vis, Raman, and IR experiment during ethanol gas sensing of SnO~2~. Dashed lines are a guide to the eye. Raman band intensities of hydroxy and acetate species are offset for clarity. For details see text.](ANIE-58-15057-g002){#anie201908871-fig-0002}

###### 

Assignment of the IR gas‐phase bands of ethanol (EtOH), carbon dioxide (CO~2~), and acetaldehyde (H~3~C−CH=O) used for the correlation in Figure [2](#anie201908871-fig-0002){ref-type="fig"}.

      Wavenumber \[cm^−1\]^   Gas           
  --- ----------------------- ------------ ---
      2903                    EtOH          
      2361                    CO~2~         
      2733                    H~3~C−CH=O   
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As shown in Figure [2](#anie201908871-fig-0002){ref-type="fig"}, switching the gas atmosphere from nitrogen to 250 ppm EtOH/N~2~ at 190 °C leads to a strong resistance decrease owing to a release of electrons into the conduction band, as expected for an n‐type semiconductor gas sensor exposed to a reducing gas. As reaction products, carbon dioxide, acetaldehyde, and water (not shown) were detected, and the concentrations were quantified by means of calibration curves. The formation of acetaldehyde has previously been proposed to proceed via adsorbed ethoxy undergoing dehydrogenation.[15](#anie201908871-bib-0015){ref-type="ref"}, [16](#anie201908871-bib-0016){ref-type="ref"} During exposure of the gas sensor to EtOH/N~2~, the reflectance decreases from 100 % to 84 % as a result of oxygen‐vacancy formation, i.e., SnO~2~ reduction~.~ [13](#anie201908871-bib-0013){ref-type="ref"} Besides, as shown at the bottom of Figure [2](#anie201908871-fig-0002){ref-type="fig"}, Raman data reveals the formation of acetate species resulting from the reaction of (adsorbed) ethanol with surface hydroxy groups as discussed in the context of Figure [1](#anie201908871-fig-0001){ref-type="fig"}. Note that the Raman band intensities in Figure [2](#anie201908871-fig-0002){ref-type="fig"} were obtained on the basis of Raman spectra recorded over 10 min (as indicated by the bars), whereas the UV/Vis spectra were taken within 1 min directly after the Raman spectra. Switching back to pure nitrogen induces a small increase in the resistance and in the reflectance (to 85 %), whereas the acetate Raman band exhibits a small intensity decrease. Consistent with this behavior, the IR gas‐phase signal shows that there is CO~2~ desorption from the sensor surface, indicating the decomposition of part of the acetate species. The behavior of the resistance and the Raman features in nitrogen resembles that observed previously for ethanol gas sensing on In~2~O~3~, which has been attributed to the presence of stable acetate adsorbates formed during EtOH/N~2~ exposure, preventing the sensor from returning to its initial state.[6](#anie201908871-bib-0006){ref-type="ref"}, [15](#anie201908871-bib-0015){ref-type="ref"}

When oxygen is added, first a prompt and then a slower increase of the sensor resistance is observed, which can be explained by the reoxidation of the sensor surface, removing electrons from the conduction band. Spectroscopic evidence for the surface reoxidation is provided by UV/Vis spectroscopy showing an increase of the reflectance (to 88 %) and by Raman spectra exhibiting a decrease in the acetate and an increase in the formate signal, thus indicating the partial decomposition of acetate into formate; moreover, the presence of CO~2~ in the gas phase confirms that part of the acetate is fully oxidized. Upon exposure to 250 ppm ethanol in air, the sensor shows a decrease in resistance. Note that the resistance decrease is less pronounced than in EtOH/N~2~ as the presence of oxygen allows for permanent reoxidation. This is in agreement with the observed decrease in reflectance (to 87 %), confirming an overall smaller degree of reduction of the gas sensor. Analysis of the Raman data reveals the formation of acetate species by consumption of surface hydroxy groups, as discussed above. As reaction products, acetaldehyde, carbon dioxide, and water were observed. From Figure [2](#anie201908871-fig-0002){ref-type="fig"} it is evident that the main product, carbon dioxide, was formed at a higher rate than in EtOH/N~2~, resulting in a higher conversion of EtOH. Switching back to air leads to an immediate increase in resistance followed by a slower continuous increase, which is attributed to the reoxidation of the surface, as evidenced by the increase in reflectance to 88 %, the partial decomposition of acetate to formate, and the presence of a gas‐phase CO~2~ signal.

Prior to the experiments at 325 °C, the SnO~2~ sensor was heated to 400 °C to remove all adsorbates from the surface. Decomposition and/or desorption of the remaining adsorbates by thermal decomposition results in the formation of a sharp CO~2~ signal, as identified by FTIR spectroscopy. As a result of adsorbate decomposition, the resistance shows an increase when the sensor is heated to 400 °C in air, returning to its initial value before the 190 °C experiments; likewise, the reflectance and the Raman adsorbate intensities return to their starting values.

A temperature decrease to 325 °C resulted in an increase in resistance, again in agreement with normal semiconductor behavior. When switching to 250 ppm ethanol in air at 325 °C, a significantly higher CO~2~ concentration was observed than at 190 °C, while acetaldehyde showed a similar concentration. The resistance showed a small decrease, which returned to its value before EtOH exposure when the feed was switched back to air. Following the resistance behavior, the reflectance first decreased from 93 % to 90 % in EtOH/air and then returned to 93 % in air. Under these conditions, no adsorbates are detected by Raman spectroscopy, consistent with the faster product formation at 325 °C. Switching the feed from air to nitrogen leads to a minor decrease of the resistance accompanied by a small decrease in reflectance to 92 %, consistent with an increase in the concentration of oxygen vacancies.

Upon exposure to 250 ppm EtOH/N~2~ at 325 °C, the resistance showed a decrease, which is significantly stronger than in EtOH/air owing to the missing reoxidation of the SnO~2~ sensor by oxygen. In comparison to ethanol in air at 325 °C, a smaller ethanol conversion and a significantly larger fraction of acetaldehyde is detected, besides CO~2~ and water, reflecting the decreased availability of oxygen at the surface. The oxygen deficiency of the gas sensor is also evident from the reflectance behavior, showing a strong decrease from 91 % to 67 %. Under these reducing conditions, new Raman bands appear at around 1350 cm^−1^ and 1575 cm^−1^, which have been assigned to the D and G bands of carbon, respectively, indicating the decomposition of ethanol on the sensor surface (see Figure S2). As discussed above, because of the presence of carbon, hydroxy‐ and/or adsorbate‐related (v~C‐H~) Raman bands can no longer be detected. Also, carbon species are expected to contribute to the strong decrease in reflectance.

When the feed was switched back to pure nitrogen, the resistance increased not as fast as in the presence of oxygen at 325 °C but faster than at 190 °C. The changes caused by exposure to ethanol were largely reversible in the UV/Vis and Raman spectra. The reflectance increased to 84 %, and the Raman bands related to deposited surface carbon disappear, while those related to hydroxy groups reappear. The observed behavior indicates that at 325 °C, in contrast to the behavior at 190 °C, oxygen diffusion processes from the bulk to the surface are fast enough to allow for reoxidation of the sensor and oxidation of residual carbon. As a consequence, CO~2~ is observed as a reaction product in the gas phase via IR spectroscopy (see Figure [2](#anie201908871-fig-0002){ref-type="fig"}). This underlines the importance of simultaneous gas‐phase analysis enabling the detection of adsorbates, present in concentrations below the Raman detection limit, undergoing surface reactions.

Finally, when oxygen was introduced, the resistance increased at once to the initial state in synthetic air caused by fast reoxidation of the surface, leading to removal of electrons from the conduction band. The surface reoxidation is spectroscopically evidenced by the increase in reflectance to 90 %. It is further accompanied by the decomposition and oxidation of adsorbates, resulting in a strong but narrow CO~2~ signal. The smaller area as compared to the corresponding CO~2~ signal at 190 °C can be rationalized by the higher conversion and therefore smaller number of adsorbates present at the surface at higher sensor temperature.

According to the gas‐sensing mechanisms proposed in the literature, the sensor response can be explained by changes of the electric surface potential resulting from "ionosorption" of gaseous molecules (ionosorption model) or by changes in the oxygen stoichiometry, that is, by the variation of the number of (sub‐)surface oxygen vacancies and their ionization (reduction--reoxidation mechanism), but direct mechanistic evidence is still scarce. Here we demonstrate with the example of a SnO~2~ gas sensor used for ethanol gas sensing that the sensor response is correlated with the number of oxygen vacancies, the nature of the adsorbates, and the presence of surface hydroxy groups. This is illustrated in Figure [3](#anie201908871-fig-0003){ref-type="fig"}, which depicts the reflectance and Raman band intensities of hydroxy and acetate species as a function of sensor resistance, together with least‐squares fits to the experimental data from Figure [2](#anie201908871-fig-0002){ref-type="fig"}. Figure [3](#anie201908871-fig-0003){ref-type="fig"} shows that the resistance decreases as the number of oxygen vacancies and the formation of adsorbed acetate increases, which in turn is related to the consumption of hydroxy species. A dependence of the sensor response on the presence of adsorbates has been reported previously for In~2~O~3~ gas sensors,[6](#anie201908871-bib-0006){ref-type="ref"} from which an increase in acetate concentration leads to a decrease in resistance, fully consistent with the behavior observed here. Thus, our results show that ionosorption is of more general importance in (ethanol) gas sensing. Moreover, we demonstrate for the first time under operando gas‐sensing conditions that the resistance is directly correlated with the concentration of oxygen vacancies. Further specification of their location has become feasible by recent Raman studies on ceria‐based gas sensors reporting that the subsurface oxygen vacancy dynamics is not relevant for gas sensing.[17](#anie201908871-bib-0017){ref-type="ref"}, [18](#anie201908871-bib-0018){ref-type="ref"} Transferring this knowledge to SnO~2~ gas sensors thus strongly suggests that the correlation between resistance and reflectance observed in the present study can be attributed to oxygen vacancies located at the surface of the sensor. Our results demonstrate that operando Raman und UV/Vis spectroscopy are highly sensitive to structural changes of the metal oxide gas sensor material. Previous studies have revealed the potential of X‐ray based methods to explore the state of metal dopants and potential electrode contributions,[8](#anie201908871-bib-0008){ref-type="ref"}, [10](#anie201908871-bib-0010){ref-type="ref"}, [12](#anie201908871-bib-0012){ref-type="ref"} as well as that of IR spectroscopy to probe the effect of humidity.[11](#anie201908871-bib-0011){ref-type="ref"} With the available techniques we may envision important aspects of technical semiconductor gas sensors to be monitored under working conditions in the near future.

![Reflectance and Raman band intensities of hydroxy and acetate species as a function of sensor resistance, together with least‐squares fits to the experimental data from Figure [2](#anie201908871-fig-0002){ref-type="fig"}.](ANIE-58-15057-g003){#anie201908871-fig-0003}

Summarizing, we provide new insight into the mode of operation of widely used SnO~2~ gas sensors, showing the relation of the sensor response to the number of surface oxygen vacancies and the nature of the adsorbates using a new multiple operando spectroscopic setup. Our findings are expected to be of direct relevance also for other metal oxide gas sensors and underline the importance of developing new operando approaches to enable a detailed spectroscopic analysis under working conditions.
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